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Two desorption peaks of hydrogen molecule~mass number52!, starting at about 600 and 950 K,
respectively, are observed in thermal desorption mass spectroscopy of nanostructured graphite
mechanically milled for 80 h under hydrogen atmosphere. It follows from a combined analysis of
thermal desorption mass spectroscopy and thermogravimetry, that;6 mass % of hydrogen
~corresponding to 80% of the total amount of hydrogen! is desorbed at the first desorption peak as
a mixture ofpure hydrogen and hydrocarbons. Below the temperature of the second desorption
peak, at which recrystallization related desorption occurs, nanostructured graphite is expected to
retain its specific defective structures mainly with carbon dangling bonds as suitable trapping sites
for hydrogen storage. The formation process of the nanostructures during milling under hydrogen
atmosphere is also discussed on the basis of the profile of Raman spectroscopy. ©2001 American
Institute of Physics.@DOI: 10.1063/1.1385362#an
ca
su
h
rio
ca
a
s.
c
tr
te
al
re
-
ic
ll
ec
ic
-
gen
the
fo-
tive
i-
in
un-
hite
p-
o-
us-
tic
tron
en
he
ior
ted
ur-
an
er
elI. INTRODUCTION
Motivated by the report by Dillonet al.,1 much attention
has recently been directed towards the use of single-~multi-!
walled carbon nanotubes for hydrogen storage.2–10 Some of
the reports on relationships between structures of the n
tubes and hydrogen storage capabilities focus mainly on
illary effects of ~bundles of! nanotubes. A capillary effect is
achieved first by ‘‘opening the nanotube cap’’ bypretreat-
mentssuch as chemical etching, partial oxidation, and/or
personic wave methods, and second by trying to put the
drogen molecule into the capillary. The pretreatments p
to hydrogenation, however, seem not only to open the
but also to increase the number of defects like carbon d
gling bonds, even in side walls of the carbon nanotube11
~Besides the nanotubes, graphite nanofibers,12–16 i.e., stack-
ing of small platelet graphite, have a large number of defe
at the geometrical edge area of platelets.! Therefore, hydro-
gen storage capabilities that are enhanced by defective s
tures should be taken into account in carbon-related ma
als.
So far, the hydrogen solubility, diffusivity, and therm
desorption properties of graphite with defective structu
have been extensively investigated experimentally17–40 and
theoretically,37,41–44mainly from the viewpoint of the devel
opment of nuclear fusion materials. Here, the defects, wh
will act as hydrogen trapping sites, are experimenta
formed by electron/neutron/ion irradiation methods.45–55
One of the other effective methods for preparing def
tive structures of carbon-related materials is mechan
a!Electronic mail: orimo@hiroshima-u.ac.jp1540021-8979/2001/90(3)/1545/5/$18.00
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milling.56–67 This primitive, but reliable, method may pro
vide a new category of carbon-related materials for hydro
storage, in which hydrogen is suitably chemisorbed by
defective structures. On the basis of this, we have been
cusing on the hydrogen storage capabilities in defec
carbon-related materials prepared by mechanical milling.
In a previous report,68 we reported fundamental invest
gations of the structures and hydrogen concentrations
nanostructured graphite prepared by mechanical milling
der hydrogen atmosphere. After expansion of the grap
inter layer, the long-range ordering of the inter layer disa
pears continuously with increasing milling time. The hydr
gen concentration, precisely determined by oxygen comb
tion analysis, reaches up to 7.4 mass % (CH0.95) after milling
for 80 h, as is shown in Fig. 1. The results of systema
neutron diffraction measurements and transmission elec
microscopy~TEM! observations of the samples have be
also reported by Fukunagaet al.69 and by Tanabeet al.,70
respectively.
The main purpose of the present work is to clarify t
thermal desorption~dehydriding! property of nanostructured
graphite using a sample mechanically milled for 80 h. Pr
to the thermal desorption experiments, we also investiga
the formation process of the nanostructures in graphite d
ing milling under hydrogen atmosphere using Ram
spectroscopy.
II. EXPERIMENT
A. Sample preparation
We used 300 mg of high-purity graphite powd
~99.997% purity,;200 mm! as a host sample and 20 ste5 © 2001 American Institute of Physics
 license or copyright; see http://jap.aip.org/jap/copyright.jsp
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1546 J. Appl. Phys., Vol. 90, No. 3, 1 August 2001 Orimo et al.balls 7 mm in diameter were placed in a steel vial 30 cc
volume. The material and shape of the vial for mechan
milling were selected carefully, so as to minimize the amo
of elemental Fe contaminated during mechani
milling.71–73The vial was equipped with a connection val
for evacuation and introduction of hydrogen. This was us
to directly degas the host sample for 12 h below
31024 Pa using a turbomolecular pump. High-purity hydr
gen~99.99999% purity! or deuterium~99.99% purity! of 1.0
MPa was then introduced as an initial pressure. The h
sample was mechanically milled using the planetary ball m
apparatus~Fritsch P7! at 400 rpm for periods of 1–80 h a
room temperature. Before and after milling, all samples w
handled in a glovebox filled with purified argon to minimiz
oxidation and water adsorption.
B. Sample characterization
The samples thus prepared were examined by Ra
spectroscopy~a Nicolet, Almega-HD, 532 nm laser wit
backscattering geometry!, thermal desorption mass spectro
copy ~TDS! ~Anelva M-QA200TS!, thermogravimetry~TG!
and differential thermal analysis~DTA! ~Seiko TG-DTA
TG8120!, and x-ray diffraction~XRD! measurements~Mac
Science MXP3, with CuKa radiation!. The apparatus for the
mass spectroscopy was specially designed and built for
inside the glovebox, and permitted simultaneous meas
ments of TG and DTA without exposing the samples to a
III. RESULTS AND DISCUSSION
Figure 2 shows profiles of Raman spectroscopy of
nanostructured graphite during milling under hydrogen
mosphere. The peak at 1580 cm21 in the host sample corre
sponds to the in-layer vibration (E2g ,g) mode of
graphite.74–78 After 1 h of milling, however, typical disor-
dered ~d and d8! modes originating from defects are o
served both at 1360 and 1610 cm21.74–78 The d and d8
modes are enhanced with increasing milling time, indicat
an increase in the number of defects upon milling. Althou
two peaks, theg mode at 1580 cm21 and thed8 mode at
1610 cm21, overlap after milling for 20 and 80 h, these pea
are separated by a Lorenzian approximation, as is show
Fig. 2. The increase of the peak widths, especially noticea
between 5 and 20 h, indicates a decrease of the degre
graphitization of the samples.
FIG. 1. Total hydrogen concentration in nanostructured graphite as a f
tion of milling time under hydrogen atmosphere~see Ref. 68!.Downloaded 25 Mar 2010 to 130.34.135.83. Redistribution subject to AIPn
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The variation of the in-layer crystallite sizes,La , upon
milling was estimated from the intensity ratio of the tw
Raman peaks,I 1360/I 1580.
79–81The result is given in Table I,
together with the interlayer crystallite sizes,Lc , estimated by
x-ray diffraction profiles @~002! diffraction# of the same
samples.68 The valueLa decreases strongly at the very b
ginning of the milling, while variation of the valueLc is
small. These results indicate that the milling process lead
nanocrystallization first along the direction perpendicular
the basal plain of graphite~cuttingly milling!, and then par-
allel to the basal plain~cleavingly milling!,82 although the
data from Raman spectroscopy are mainly from the surf
area of the samples. The crystallite sizes, less than 4
after milling for 80 h, are similar to those estimated fro
neutron diffraction data of nanostructured graphite mecha
cally milled under argon atmosphere.69
As shown in Fig. 1, the total hydrogen concentrati
increases with decreasing crystallite size, accompanied b
increase in the number of the defects. The concentra
reaches 7.4 mass % (CH0.95) after milling for 80 h, and this
value is comparable to the hydrogen concentration that
be stored in carbon nanotubes1,3 and also in conventiona
~super-! activated carbon83–86 at temperatures below 100 K
and hydrogen pressures about 5 MPa.
c-
FIG. 2. Variation of the Raman spectrum of nanostructured graphite
chanically milled under hydrogen atmosphere. The dotted lines indicate
separate vibration modes. The background of the original profiles and th
the simulations is shifted for clarity.
TABLE I. In-layer crystallite size,La , estimated by the intensity ratio of th
two Raman peaks, and interlayer crystallite size,Lc , estimated by the width
of the x-ray diffraction profile~reported in Ref. 68!.
Milling time
under hydrogen
~h!
Crystallite size~nm!
In-layer,La Interlayer,Lc
0 ¯ 60
1 ;5 50
2 ;4 40
5–80 ,4 ¯ license or copyright; see http://jap.aip.org/jap/copyright.jsp
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1547J. Appl. Phys., Vol. 90, No. 3, 1 August 2001 Orimo et al.The specific surface area of the sample after milling
80 h was only of the order of 10 m2/g,68 suggesting that the
amount of hydrogen coming from the surface area is ra
small compared to the total hydrogen concentration.
The sample obtained after milling for 80 h was also
vestigated by thermal desorption mass spectroscopy
clarify the dehydriding property of the mechanically pr
pared nanostructured graphite. The results are shown in
3~a!. We found that there are two desorption peaks with m
number52, starting at about 600 and 950 K, respective
These desorption phenomena are also reproducible in
sample mechanically milled under deuterium atmosph
shown in Fig. 3~b!. This confirms that the hydrogen has be
stored inside the nanostructured graphite, and it is not c
ing from adsorbed water or other hydrogen sources. At te
peratures around the first desorption peak in Fig. 3~a!, small
traces of the desorption peaks of hydrocarbons with m
number516 from CH4 and 28 from a fragment of C2H6 were
also detected. We checked, however, that the fraction f
the hydrocarbons is only less than 1% in the desorption p
area with mass number52 in Fig. 3~a!. Furthermore, no hy-
drocarbon has been found at temperatures where the se
desorption peak appears.
In our opinion, the first desorption peak in Fig. 3~a! has
a similar origin to that of the main desorption peaks of h
drogen from single-walled carbon nanotubes, which has b
reported recently by Dillonet al.87 and by Hirscheret al.88,89
~Here the apparent desorption temperatures tend to be m
fied by ‘‘kinetics’’ effects, depending on the amount of m
tallic impurities, heating rates, etc.! In addition, hydrogen
desorption from amorphous-carbon films, so called diamo
like carbons with CH2 and/or CH3 coordination,
90–92 has
been detected at temperatures similar to that of the first
sorption peak in Fig. 3~a!. Partial formation of CH3 coordi-
nation with thesp3 bond, originating from defective struc
tures of the nanostructured graphite, is also suggested b
FIG. 3. TDS of nanostructured graphite mechanically milled under hyd
gen ~a! and deuterium~b! atmospheres, respectively.Downloaded 25 Mar 2010 to 130.34.135.83. Redistribution subject to AIPr
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increase of the background signal around 1525 cm21 in the
Raman spectroscopy spectra,75,76,93,94as shown in Fig. 2.
Thermogravimetry and differential thermal analysis pr
files were simultaneously obtained during the TDS measu
ment, and the results are shown in Fig. 4.
In the TG profile, there are two mass reductions, 16 a
1.5 mass %, corresponding to the two desorption peaks o
TDS profile in Fig. 3~a!. The first reduction is due to the
desorption of both hydrogen and hydrocarbons, and the
ond one is due only to hydrogen. The oxygen combust
method indicates that the total hydrogen concentration is
mass % in the sample mechanically milled for 80 h,68 as
shown in Fig. 1. Thus,;6 mass % of hydrogen, that is, 80%
of the total hydrogen, is estimated to be desorbed in the
desorption peak of the TDS profile in Fig. 3~a! as a mixture
of pure hydrogen and hydrocarbons.
In the DTA profiles, there is an exothermic peak arou
1000 K, corresponding to the temperature of the second
sorption peak. However, neither an endo- nor an exother
peak has been observed at the temperature of the first de
tion peak ~see Fig. 4!. According to the Kissinger plot,95
which is shown in Fig. 5, the activation enthalpy of the ex
thermic peak around 1000 K is calculated to be 244 kJ/m
This value agrees well with the activation enthalpy for r
crystallization of nanostructured graphite,60 indicating that
the second desorption peak, where only hydrogen is d
orbed, is induced by recrystallization of the nanostructu
graphite. Hydrogen desorption induced by recrystallizat
has also been detected in diamond-like carbon.90 The value
-
FIG. 4. TG and DTA profiles of nanostructured graphite mechanica
milled under hydrogen atmosphere.
FIG. 5. Kissinger plot of the exothermic peak around 1000 K detected
the differential thermal analysis shown in Fig. 4. NotationsTr andTp indi-
cate the heating rates~5, 10 and 20 K/min! and peak temperatures~975, 996
and 1019 K!, respectively. The solid line represents a least square fitting
the data. license or copyright; see http://jap.aip.org/jap/copyright.jsp
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1548 J. Appl. Phys., Vol. 90, No. 3, 1 August 2001 Orimo et al.244 kJ/mol agrees with the activation enthalpy for hydrog
diffusion in graphite,24,25,27 and, moreover, no exothermi
peak around 1000 K is detected in the nanostructured gr
ite prepared by mechanical milling underargon atmosphere.
These experimental results suggest that the nanostructu
graphite prepared under hydrogen clearly differs from t
under argon, and also that the recrystallization induced
hydrogen desorption might be promoted around the sec
desorption peak.
XRD profiles after heat treatments were measured
confirm the recrystallization of the nanostructured graph
around 1000 K, as is shown in Fig. 6. The~002! diffraction
peak corresponding to ordering of the interlayer of graph
can be observed in the sample heated at 1073 K. Thi
consistent with the above results, confirming that the sec
desorption peak is related to the recrystallization of the na
structured graphite. In other words, at temperatures be
the second desorption peak, nanostructured graphite is
pected to retain its specific defective structures as suit
trapping sites for hydrogen storage.
Preliminary results of Raman spectroscopy suggest
the nanostructures are not affected by the heat treatmen
least below the second desorption peak around 1000 K.
To improve the hydrogen storage capabilities of m
chanically prepared nanostructured graphite, it is neces
to lower the temperature of the first desorption peak and
to lower the fraction of hydrocarbon formation. Modifie
electrical structures96,97caused by the formation of the nan
structures in graphite will be also investigated.
FIG. 6. XRD profiles of the nanostructured graphite: as milled without h
treatment~bottom! and heat treated at temperatures of 673, 873, 1073,
1173 K.Downloaded 25 Mar 2010 to 130.34.135.83. Redistribution subject to AIPn
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IV. SUMMARY
The formation process of nanostructures in graphite d
ing milling under hydrogen atmosphere was examined us
Raman spectroscopy. The milling process leads to nanoc
tallization first along the direction perpendicular to the ba
plain of graphite~cuttingly milling!, and second parallel to
the basal plain~cleavingly milling!. The crystallite size after
milling for 80 h is estimated to be 4 nm. In this sample wi
hydrogen concentration of 7.4 mass % (CH0.95), there were
two desorption peaks of the hydrogen molecule, start
from ;600 and 950 K, respectively. These desorption p
nomena are also reproducible in the sample mechanic
milled under deuterium atmosphere, indicating that the
sorption peaks represent the hydrogen~deuterium! inside
nanostructured graphite, and are not from adsorbed wate
other hydrogen sources. The combined analysis of ther
desorption mass spectroscopy and thermogravimetry i
cates that;6 mass % of hydrogen~corresponding to 80% o
the total amount of hydrogen! is desorbed at the first desorp
tion peak as a mixture ofpure hydrogen and hydrocarbons
The data indicate that nanostructured graphite retains its
cific defective structures with mainly carbon dangling bon
as suitable trapping sites for hydrogen storage below ab
950 K.
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